The genus Yersinia belongs to the gram-negative bacteria and is composed of 11 species (27, 57) . Three Yersinia species are pathogenic to humans and animals. Yersinia pseudotuberculosis and Yersinia enterocolitica cause mild enteric diseases and are mainly transmitted by contaminated food and surface water. However, the etiologic agent of bubonic and pneumonic plagues is Yersinia pestis, the most virulent species. Y. pestis is also a young pathogen, directly evolved from Y. pseudotuberculosis within the last 10,000 to 20,000 years (1, 2) .
All three pathogenic Yersinia species share a virulence plasmid, pCD1 (pYV), which is essential for pathogenic processes (8, 44) . This plasmid encodes a type III secretion system, including LcrV (low-calcium response V, or V antigen) (16) , YadA (a surface-expressed adherence molecule; however, yadA is a pseudogene in Y. pestis) (47, 51) , and a number of cytotoxins and effectors that inhibit bacterial phagocytosis and processes of innate immunity (58) . Y. pestis harbors two additional plasmids, pPCP1 (9.6 kb), which encodes the plasminogen activator (Pla), and pMT1 (pFra) (102 kb), which encodes the F1 capsule protein and a phospholipase D (Ymt). The products of these genes are necessary for tissue invasion (29) and infection of the plague flea vector (24, 50) . Capsule formation by Y. pestis has been reported to confer antiphagocytic ability (18, 59) . Recent studies further confirmed the important roles of pPCP1in the virulence of bubonic and pneumonic plagues (36, 50) . However, despite extensive studies characterizing plasmid-encoded virulence determinants, the presence of pPCP1 and pMT1 does not account for the remarkable increase in virulence detected in Y. pestis. In fact, Y. pseudotuberculosis, even when transformed with additional virulence factors, such as the pPCP plasmid of Y. pestis, does not cause plague-like disease after subdermal injection (35) .
Two other chromosomally located invasion genes, inv and ail, have been identified as important for the interaction of enteropathogenic Yersinia species with host cells (6, 25, 26, 40) . Although Y. pestis does not express invasin, whose functions are probably replaced by a flea bite, Ail-like proteins have been reported (4, 34) .
Another well-documented, but often neglected, virulence factor is the lipopolysaccharide (LPS), which plays a major role in the pathogenicity of gram-negative bacterial pathogens, such as Escherichia coli, Shigella, Klebsiella, Yersinia, and Salmonella, promoting toxicity and resistance to serum killing and phagocytosis (5, 10, 17, 41, 42, 48). LPS generally consists of three structural regions: (i) the lipid A backbone, (ii) an oligosaccharide core (core LPS), and (iii) the somatic O polysaccharide outer region (also called O antigen, O-specific antigen, or O-specific side chain) (Fig. 1 ). Core LPS is divided into inner and outer domains (Fig. 1) . Strains of Y. pestis do not contain an O antigen (45) , and therefore, the shortened LPS is also referred to as lipooligosaccharide (LOS). Gram-negative bacteria are classified as smooth or rough based on the presence or lack of the O antigen, respectively.
Antigen-presenting cells (APCs) have been shown to be positioned to interact with Y. pestis immediately upon injection of the bacterium by an infected flea (58) . It is generally accepted that APCs deliver Y. pestis to lymph nodes. Dendritic cells (DCs) are APCs and express a C-type lectin called DCspecific intercellular adhesion molecule-grabbing nonintegrin (DC-SIGN) (CD209), an innate immune receptor (56) that can interact with several bacterial species (55, 56) . DC-SIGN is also expressed in certain types of macrophages (23) , including human alveolar macrophages (54) . This model is reminiscent of how human immunodeficiency virus type 1 (HIV-1) targets APCs. It is well established that HIV-1 hijacks DC-SIGN so as to be captured and trafficked to target cells, such as CD4 lymphocytes (19, 21, 39) .
Recently, we showed that DC-SIGN is a receptor for the core LPSs of several gram-negative bacterial strains, promoting bacterial adherence and phagocytosis (32, 61, 62) . In this study, we explore the model that (i) after Y. pestis overcomes the first line of host defense, such as the skin via a flea bite, it encounters secondary host defense systems, such as macrophages and DCs (Langerhans cells in the skin) (38) or alveolar macrophages through aspiration, and (ii) APCs capture Y. pestis through a core LPS-DC-SIGN interaction.
MATERIALS AND METHODS
Bacterial strains. (i) E. coli. E. coli strain K-12 CS180 contains core LPS but lacks O antigen (49) . CS1861 is the strain of CS180 harboring pSS37, a plasmid containing all of the genes necessary for the expression of the Shigella dysenteriae 1 O antigen (31, 33, 49) (Fig. 1 ). E. coli strains were cultured on Luria-Bertani medium (LB) supplemented with 1.5% agar at 37°C overnight.
(ii) Y. pseudotuberculosis. Y. pseudotuberculosis Y1 is a serotype O:1a strain lacking the virulence plasmid (pYV) and expression of the Ail protein (unpublished data). The strain was from CDC and was once used as a control strain for invasion (11) .
(iii) Y. pestis. All strains of Y. pestis used in this study are derived from the KIM strain (20) . The O antigen-expressing KIM-6/pAY100.1 was constructed by transformation of the pAY100.1 plasmid from strain KIM-D27/pAY100.1, which expresses the O antigen from Y. enterocolitica serotype O:3 (43) . The strains were cultured on gonococcus (GC)-based plates (Difco, Sparks, MD) supplemented with 1% hemoglobin (USB Co., Cleveland, OH).
Due to concerns about biosafety, all Yersinia strains used in this study were virulence plasmid-cured and/or Pgm-negative strains, selected using a combination of magnesium oxalate and Congo red selection methods (46) .
(iv) N. gonorrhoeae. Neisseria gonorrhoeae strain F62 was cultured on GCbased-plates (Difco, Sparks, MD) supplemented with 1% IsovitaleX and maintained as previously described (12, 14) . N. gonorrhoeae is the etiologic agent for gonorrhea, a sexually transmitted disease. An isogenic mutant, I3, derived from wild-type F62, contains a mutation within lgtB (lgtB mutant) and binds to the DC-SIGN receptor (61, 62) . This mutant was a gift from E. C. Gotschlich at Rockefeller University ( Fig. 1) (22) . For N. gonorrhoeae, only Opa Ϫ (opacity protein-negative) and pilus Ϫ variants were used.
Cellular-biology reagents. Anti-CD209 and -CD207 monoclonal antibodies specific for human DC-SIGN and human langerin, respectively, were purchased from Pharmingen (San Diego, CA) and R&D Systems (Minneapolis, MN). YTH71.3, an antibody that recognizes CEACAM1 (CD66a), CEACAM6 (CD66c), and CEACAM3 (CD66d), was purchased from Roche (Indianapolis, IN). Anti-Y. pestis polyclonal antiserum was generated from rabbits challenged with KIM-6 cultured at 21°C (28) . Fluorescein isothiocyanate (FITC)-and phycoerythrin (PE)-conjugated anti-rabbit immunoglobulin G (whole-molecule) antibodies produced in goats were purchased from Sigma (St. Louis, MO). Mouse anti-F antigen monoclonal antibody and the anti-mouse antibodies conjugated with FITC and PE were purchased from eBiomedical Sciences (San Diego, CA).
Mannan, the ligand antagonist of human mannose receptor, was purchased from Sigma (St. Louis, MO).
Mermaid is a DC-SIGN-like molecule expressed by the marine nematode Laxus oneistus. The carbohydrate recognition domain of Mermaid shares both structural and functional similarity with that of DC-SIGN as described previously (9) . A recombinant form of Mermaid (His-Mermaid) was expressed and purified as described previously (9) .
Preparation of human DCs. Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats obtained from human blood donors by density gradient centrifugation over Ficoll-Paque plus (1.077 g/ml; Pharmacia, Piscataway, NJ). Blood was loaded in a 1:1 (vol/vol) ratio on Ficoll and centrifuged without braking for 30 min. The PBMC were washed four times with phosphate-buffered saline (PBS), and monocytes were purified from the PBMC using CD14 microbeads (Miltenyi Biotec, Auburn, CA) as previously described (37) . To increase purity, the cells were passed over a second CD14 microbead column. The final purity of the isolated monocytes was Ͼ98% as assessed by labeling with CD14-FITC antibody (Caltag, Carlsbad, CA) and flow cytometric analysis. Purified CD14-positive (CD14 ϩ ) monocytes (5 ϫ 10 5 cells/ml) were cultured for 6 days to promote differentiation of immature monocyte-derived DCs in culture medium consisting of RPMI 1640 (BioWhittaker, Walkersville, MD), 10% heatinactivated fetal bovine serum (HyClone, Logan, UT), 100 U/ml penicillin, and 100 g/ml streptomycin in the presence of 20 ng/ml recombinant human granulocyte-macrophage colony-stimulating factor (Immunex, Seattle, WA) and 10 ng/ml recombinant human interleukin 4 (Peprotech, Rock Hill, NJ). The DCs derived from these cultured monocytes display typical dendrites, and in mixed lymphocyte cultures, they promote activation of alloreactive T cells. The phenotype of these cells is HLA-
. Upon LPS stimulation, these DCs express CD83 (63, 64) . We have utilized this protocol for identification of DC-SIGN as a receptor for the core LPSs of several gramnegative bacteria and to explore how N. gonorrhoeae enhances HIV infection (32, 60, 61) .
Human alveolar macrophage isolation and treatment. Bronchoalveolar lavage (BAL) cells were collected from volunteers following a protocol described recently by Tailleux et al. (54) . Acquisition of the BAL cells was approved by the Institutional Review Board and Study Committees at the College of MedicineRockford, University of Illinois. The collected BAL cells were washed and cultured in RPMI 1640 (BioWhittaker, Walkersville, MD) supplemented with 10% heat-inactivated fetal calf serum (FCS) (HyClone, Logan, UT), 2 mM L-glutamine, and antibiotics in a 96-well plate for 3 h at 37°C before nonadherent cells were removed. Half of the cells were treated with interleukin 4 (10 ng/ml; Peprotech, Rock Hill, NJ), tumor necrosis factor alpha (50 ng/ml; Peprotech, Rock Hill, NJ), and E. coli-derived LPS (100 ng/ml; Sigma, St. Louis, MO). Invasion experiments followed, after the two sets of cells were placed at 37°C with 5% CO 2 for 2 days.
Cultured cell lines. HeLa-DC-SIGN cells were generated by transfecting HeLa cells with human DC-SIGN cDNA, followed by selection for stable surface DC-SIGN expression as originally described (52) . The cell lines were recently used for identification of core LPSs from several gram-negative bacteria as ligands for the DC-SIGN receptor (32, 61, 62) .
Adherence and phagocytosis assays. The assays for adherence and phagocytosis have been described previously (12, 14) . Briefly, host cells (HeLa cells, DCs, and alveolar macrophages) were plated in 24-or 96-well plates. The cells were suspended in RPMI with 2% FCS at a concentration of 4 ϫ 10 5 /ml. One-half milliliter each of these cell suspensions was added to 24-well plates, and after the addition of 50 l of bacterial suspensions at a concentration of 1 ϫ 10 7 CFU/ml, the cells were allowed to incubate for 2.5 h (2 h for DCs and alveolar macrophages) at 37°C in the presence of 5% CO 2 . The cell monolayers were then washed three times with PBS. The number of associated bacteria (adherent and internalized) per cell was quantified by washing the cells three times with RPMI containing 2% FCS and plating the culture after the cells were lysed by 0.5% saponin (Calbiochem Corp., San Diego, CA).
To determine the internalization of bacteria, gentamicin, which kills extracellular bacteria but cannot penetrate into host cells, was added to each well to a final concentration of 100 g/ml, and the cultures were incubated for 60 min. The cells were washed twice to remove the antibiotics (for DCs, cytospin is necessary during the washing, since DCs do not attach to plastic wells). Then, the cells were suspended in PBS containing 0.5% saponin, diluted, and plated on GC or LB plates. The level of internalization of bacteria in these host cells was calculated by determining the number of CFU recovered from lysed cells. All experiments were performed in triplicate, and data were expressed as means Ϯ standard errors. Statistical significance was calculated using Student's t test.
For the inhibition assay, reagents were added 20 min prior to the addition of bacteria at the following concentrations: anti-DC-SIGN antibody, 5 g/ml; DC- SIGN-like protein (Mermaid), 10 g/ml; and mannan, 500 g/ml. The concentrations used were based on our preliminary data and were selected based on the fact that at these concentrations, there was no influence on the survival of bacteria and HeLa cells or the interaction between pEXI and HeLa-CEACAM3 (12, 13) , as recently shown (32, 61, 62) . Statistical analysis. Statistical significance was mainly calculated using Statview, a statistical program from SAS Institute, North Carolina. Because all statistical analyses described were single comparisons, only Student's t test was utilized.
Determination of phagocytosis by flow cytometry. The following method was used to supplement the survival-based phagocytosis assay described above (61) . The measurement of the phagocytosis rate of bacteria by DCs was adapted as follows. Briefly, bacteria were suspended in RPMI medium containing 5-and 6-carboxyfluorescein diacetate, succinimidyl ester (Molecular Probes, Eugene, OR), for 40 min and washed twice with RPMI to remove the excess dye. Labeled bacteria were added to the DC cultures for 2 h. The cell cultures were washed twice to remove unbound bacteria. The DCs plus associated bacteria were fixed with 2% paraformaldehyde. Before flow cytometry, a 1:10 dilution of trypan blue (0.4%; Sigma, St. Louis, MO) was added to the fixed cell cultures, and the mixture was incubated at ambient temperature for 10 min (61) to quench the fluorescence from extracellularly labeled bacteria. Trypan blue blocks fluorescence but cannot penetrate host cells; therefore, fluorescence from internalized bacteria is not influenced by the addition of trypan blue. The rate of bacterial internalization was determined by comparing the percentage of fluorescencepositive DCs with that of unlabeled DCs.
Microscopic assay to determine cellular interactions. Purified DCs and HeLa-DC-SIGN cells were plated in 24-well plates, with each well containing a coverslip. The host cells were infected with Y. pestis following the same procedures described for the interaction assays. After a 2-h incubation, Y. pestis-infected DCs and HeLa-DC-SIGN cells were washed twice with PBS with cytospin and fixed with 2% paraformaldehyde in PBS. Infected DCs on the coverslips were stained with anti-Y. pestis antiserum from rabbits for 45 min. Subsequently, FITC-anti-rabbit antibody (the second antibody) was used to label the extracellular bacteria (green). The coverslips were treated with PBS containing 0.5% Triton X-100 for 10 min to make holes in the membranes of the DCs and HeLa-DC-SIGN cells. After the cells were washed three times with PBS, the same anti-Y. pestis antiserum was added for 45 min to stain the intracellular Y. pestis cells. Following three washes, the PE-conjugated anti-rabbit antibody was added to label the intracellular bacteria (red). The numbers of adherent (green) and internalized (red) bacteria per host cell were determined by using a fluorescence microscope and counting the bacteria associated with 100 host cells on coverslips. It should be noted that Y. pestis cultured at 37°C did not stain well with this rabbit antiserum, and therefore, the anti-F antigen monoclonal antibody was used instead of anti-Y. pestis polyclonal antiserum. Corresponding anti-mouse immunoglobulin G secondary antibodies conjugated with FITC and PE were used. and DC-SIGN (5 g/ml), mannan (500 g/ml), and DC-SIGN-like protein (His-Mermaid; 10 g/ml). All reagents were added to the media for 20 min before the addition of bacteria. Heparin (30 g/ml) was added to every sample in order to eliminate the non-DC-SIGN-specific interaction. The concentration of each reagent used in the experiment was based on previously published data (32, 61, 62 pestis, respectively, hereafter.) We used E. coli strains K-12 CS180 (a strain with the core LPS exposed) and CS1861 (CS180 expressing an O antigen) as controls. We have used this pair of strains to demonstrate that exposure of the core LPS of E. coli is essential to initiate core LPS-DC interaction (32, 61) . The N. gonorrhoeae F62 lgtB mutant was also used as a control. We and others have recently shown that the Neisseria lgtB mutant invades DCs (53, 61) .
FIG. 4. DC-SIGN-mediated phagocytosis of Y. pestis is inhibited by
The results from both a gentamicin protection assay ( Fig.  2A ) and flow cytometry (Fig. 2B) show that 6-and 26-Y. pestis, but not 37-Y. pestis, invades DCs. 37-Y. pestis expresses the F1 capsule, which most likely blocks or inhibits the interaction between the potential receptors and Y. pestis. These results were also confirmed by microscopic approaches (Fig. 2C and  D) . A spontaneous and undefined F1
Ϫ mutant of KIM5 recovered its ability to invade DCs at all temperatures, supporting this conclusion (data not shown). An important issue that should be recognized is that the gentamicin killing assay is dependent on bacterial survival inside host cells. As the flow cytometric data show, Y. pestis, E. coli, and N. gonorrhoeae promote similar levels of internalization, but Y. pestis was recovered at a higher rate than E. coli, suggesting that Y. pestis survives inside DCs very well. In contrast, the recovery rate for N. gonorrhoeae was very low, similar to the previously described results (61) .
Temperature regulates the interaction of Y. pestis with DC-SIGN. The DC-SIGN receptor on DCs is responsible for interaction with the core LPSs of several gram-negative bacteria (32, 61, 62) . To investigate if DC-SIGN is responsible for the interaction of DCs with Y. pestis, a stably transfected DC-SIGN HeLa cell line (HeLa-DC-SIGN) was tested for its ability to phagocytose 26-and 6-Y. pestis. Again, E. coli CS180 and CS1861 were used as controls for core LPS involvement. Y. pseudotuberculosis was also used as a control, since it may express three invasion factors-invasin, YadA, and Ail-and invade most epithelial cells (6, 25, 40) .
26-and 6-Y. pestis promotes a typical and strong DC-SIGNmediated invasion reaction (Fig. 3B and C) . There is no interaction of HeLa and HeLa-DC-SIGN cells with 37-Y. pestis, probably due to F1 capsule formation. Finally, Fig. 3 also shows that 26-and 6-Y. pestis can interact with HeLa cells (Fig.  3A) , which is independent from the interaction with DC-SIGN. We address this phenomenon below and in the Discussion. In conclusion, Y. pestis interacts with the DC-SIGN receptor directly.
Inhibition of the Y. pestis-host cell interaction by heparin, anti-DC-SIGN antibody, mannan, and a DC-SIGN-like molecule. Figure  3 shows that 26-and 6-Y. pestis can also interact with HeLa cells, which is independent from the interaction with DC-SIGN. Our preliminary data showed that this DC-SIGN-independent interaction is in part mediated by cell surface heparan sulfate proteoglycan receptor, which can be inhibited by the addition of heparin, a synthetic form of heparan sulfate (Fig.  4A ). We present this information because heparin was added in the remaining assays measuring bacterium-HeLa-DC-SIGN cell interaction in order to eliminate or reduce some non-DC-SIGN-specific interaction between Y. pestis and epithelial cells.
To verify that the interaction of Y. pestis with DC-SIGN was specific, we examined whether core LPS-DC-SIGN could be inhibited by anti-DC-SIGN antibody; mannan, which specifically binds mannose-related receptors; and a recombinant form of Mermaid (His-Mermaid), a newly identified DC-SIGN-like protein. The carbohydrate recognition domain of Mermaid shares both structural and functional similarity with that of DC-SIGN (9); therefore, a recombinant form of Mermaid was able to inhibit the core LPS-DC-SIGN interaction (62) . Anti-CD66 antibody was employed as a control antibody. In addition, E. coli K-12 CS180 and Y. pseudotuberculosis serotype O:1a grown at 26°C, mediating a DC-SIGN-dependent and -independent interaction, respectively, were utilized as control strains. Anti-DC-SIGN antibody and His-Mermaid inhibited invasion of 26-Y. pestis in HeLa-DC-SIGN cells (Fig.   FIG. 5 . Reduction of phagocytosis of Y. pestis by DCs in the presence of anti-DC-SIGN and -langerin (CD207) antibodies. Other than the addition of the anti-CD209 and anti-CD207 antibodies, the same procedures were followed as for DCs in Fig. 2 ). Further, mannan demonstrated the strongest inhibition ability. It should be noted that the concentrations of anti-DC-SIGN antibody, mannan, Mermaid, and heparin used in this study did not influence the viability of either bacteria or HeLa cells (62) . Together, the data indicate that there is a specific interaction between DC-SIGN and LPS/LOS of Y. pestis. Reduction of DC phagocytosis of Y. pestis by combination of anti-DC-SIGN and -langerin (CD207) antibodies. As indicated in our recent publications, the anti-DC-SIGN antibody was not effective in inhibition of the LPS core-mediated phagocytosis of E. coli and N. gonorrhoeae by DCs (32, 61, 62) . We have speculated that, besides DC-SIGN, other receptors might also be involved in the phagocytosis of the core-exposed gram-negative bacteria. Fortunately, our recent unpublished observations indicate that langerin (CD207) from APCs is also a receptor for Y. pestis. Therefore, the experiments shown in Fig. 2 were performed in the presence of these two antibodies. As shown in Fig. 5 , both antibodies, if used separately, failed to show any significant impact on the phagocytosis of Y. pestis. However, when the two antibodies were added together, the phagocytosis of Y. pestis by DCs was indeed reduced. Nevertheless, this reduction was not as strong as the inhibition of the interaction of 26-Y. pestis with HeLa-DC-SIGN cells (Fig. 4) , suggesting that additional receptors for Y. pestis are present on DCs. We are currently investigating this observation further.
O antigen-expressing Y. pestis loses the ability to interact with DCs and DC-SIGN. Our previous publications (32, 61, 62) and the inhibition assays (Fig. 4) clearly suggested that interaction of Y. pestis with DCs and DC-SIGN is due to the exposure of core LPS/LOS. However, it is possible that other surface components might bind to DC-SIGN when O antigen is deleted during evolution. Y. pestis might utilize other surface components, rather than core LPS, to interact with DCs and DC-SIGN. We used the KIM-6/pAY100.1 strain (smooth), which expresses O antigen from Y. enterocolitica serotype O:3 (43) , to address this concern. We hypothesized that the ability of 26-Y. pestis to interact with DCs and DC-SIGN would be inhibited when the exposed core LPS is shielded by the expression of O antigen. Figure 6 shows that DCs (Fig. 6A) and HeLa-DC-SIGN cells (Fig. 6B) lost the ability to promote effective phagocytosis of Y. pestis expressing O antigen (KIM-6/pAY100.1). As indicated above, the interaction assay with HeLa-DC-SIGN cells was performed in the presence of heparin.
Y. pestis, but not its O antigen-expressing derivative, invades human alveolar macrophages. The approaches described above were designed to address the initial stages of bubonic rather than pneumonic plague. With regard to biodefense concerns, pneumonic plague is considerably more worrisome, as the disease could initiate widespread pathogen dissemination. Therefore, we sought to determine which host immune cells are the initial targeting cells for pneumonic plague. DC-SIGN is synthesized on certain types of macrophages (23) , especially human alveolar macrophages (54) . We subsequently studied the role human alveolar macrophages play in Y. pestis infection using the methods described for human DCs. Again, two sets of strains were used for this study: Y. pestis KIM-6 (rough)/ KIM-6/pAY100.1 (smooth) and E. coli K-12 CS180 (rough)/ CS1861 (smooth). We also explored whether there were any differences between the phagocytosis of these bacteria and activated/nonactivated macrophages. Figure 7 shows that Y. pestis KIM-6 (rough) and E. coli K-12 CS180 (rough), rather than their smooth counterparts, invade human alveolar macrophages. It also appears that activated alveolar macrophages phagocytose more bacteria (Fig. 7B ) than nonactivated macrophages, but without any statistical significance. All strains used were grown at 26°C, and the experiments were performed in the absence of heparin. This result suggests that phagocytosis of these bacteria by human alveolar macrophages is also via core LPS-DC-SIGN interaction. In short, Y. pestis, but not its O antigen-expressing derivative, is able to invade and survive effectively in human alveolar macrophages.
DISCUSSION
Recently, we observed that the LOS/LPS core saccharides of several gram-negative pathogens act as ligands for DC-SIGN, facilitating phagocytosis by DCs (32, 61, 62) . However, it is well known that the O antigen plays a major role in the pathogenicity of gram-negative bacterial pathogens, such as E. coli, Shigella, Klebsiella, and Salmonella, promoting resistance to serum killing and phagocytosis (5, 10, 17, 42) .
An important corollary to this hypothesis is that some pathogens, and probably Y. pestis, have evolved mechanisms for exploiting the very host defenses designed to eliminate them, resulting in an expanded ability to disseminate. Given that Y. pestis cannot produce an O antigen, we suggest that the exposure of the Y. pestis core LOS/LPS to DCs plays a fundamental role in the pathogenic process. Our results support the hypothesis that DCs use the DC-SIGN receptor to capture Y. pestis and may deliver the bacterium to lymph nodes to establish infection.
The idea that DCs use DC-SIGN to capture microbial pathogens for delivery to lymphocytes has been emerging since the discovery of DC-SIGN as a receptor for the gp120 antigen of HIV-1. Extensive studies of the relationship of HIV-DC-SIGN have established that DCs serve as the carrier for HIV-1, with DC-SIGN as the receptor for viral particles and delivering them to target cells, such as CD4 lymphocytes (21, 39) . This concept appears to apply to Y. pestis, as well.
Y. pestis must be resistant to killing and digestion by DCs. Other investigators have reported that Y. pestis survives in macrophages (7, 15, 18) . The phagocytosis experiments we used in this study are based on the ability for bacterial survival inside host cells, because gentamicin kills the extracellular bacteria but does not penetrate host cells. We were amazed to observe that Y. pestis survives inside DCs extremely well compared to N. gonorrhoeae (Fig. 2) or E. coli. Indeed, Y. pestis possessed the strongest ability to survive inside DCs among the bacterial species (E. coli, Salmonella, Haemophilus, and Neisseria) we have tested to date (unpublished data).
Although Y. pestis does not express invasin, it promotes a DC-SIGN-independent interaction with HeLa cells (Fig. 3 and  4) . However, the interaction was inhibited by the addition of heparin, a synthetic form of heparan sulfate (Fig. 4A) . Our unpublished data indicate that Ail-mediated interaction with epithelial cells involves the heparan sulfate proteoglycan. Therefore, to reduce the background (DC-SIGN-independent interaction), we added heparin in some Y. pestis interaction experiments.
In summary, we believe that this study has suggested four significant points. (i) The study indicates a concept for Y. pestis infection; after overcoming the initial, nonspecific immune defense system (e.g., the skin), Y. pestis may induce DCs, through the core LPS-DC-SIGN interaction, to be captured and carried to lymph nodes, utilizing a mechanism similar to that demonstrated in HIV-DC-SIGN interaction. (ii) Expression of O antigen usually enhances bacterial biological effects. However, our studies indicate that the loss of O antigen during evolution may be an important trait necessary for Y. pestis to disseminate from the flea bite site and establish infection at the lymph node. Y. pestis strains have evolved mechanisms for exploiting the very host defenses designed to eliminate them, Half of the plated cells were activated by the addition of activators (B). The invasion assay followed the same procedures as for DCs in Fig. 2 . The two pairs of strains used were Y. pestis KIM-6/Y. pestis KIM-6/ pAY100.1 and E. coli K-12 CS180/E. coli K12 CS1861. ‫,ء‬ P Ͻ 0.001 by Student's t test comparing the interaction of alveolar macrophages with Y. pestis KIM-6 (rough) to interaction with Y. pestis KIM-6/ pAY100.1 (smooth). n was nine samples for each test. The error bars indicate standard errors. 
